Pyrrolidine dithiocarbamate (PDTC) can lower the blood glucose level and improve the insulin sensitivity in diabetic rats. However, the mechanisms underlying this effect of PDTC treatment in diabetic rats remained uncertain. In this study, we evaluated the mechanisms by which PDTC conferred protection against oxidative damage to pancreatic islet b-cells in rats with experimental type 2 diabetes mellitus (DM). DM in the rats was elicited by long-term high-fat diet accompanied with a single intraperitoneal (i.p.) injection of a low dose of streptozotocin. After a 7-day administration of PDTC (50 mg/kg/day i.p.), blood glucose levels were measured and pancreatic tissues were collected for the determination of various biochemical and enzymatic activities using immunohistochemistry, immunofluorescence, and western blot techniques. The percentage of apoptotic pancreatic islet b-cells was detected by flow cytometry. The results showed that diabetic rats had elevated blood glucose levels and insulin resistance, accompanied with an increase in malondialdehyde content, nitrotyrosine production, and inducible nitric oxide synthase expression. A decrease in superoxide dismutase and glutathione peroxidase activities was also observed in DM rats, culminating with elevated b-cell apoptosis. PDTC treatment significantly reduced the oxidative damage and the b-cell apoptosis, and also increased the insulin production through down-regulating FoxO1 acetylation and up-regulating nuclear PDX-1 level. These data suggested that PDTC can protect islet bcells from oxidative damage and improve insulin production through regulation of PDX-1 and FoxO1 in a DM rat model.
Introduction
Diabetes mellitus (DM) is a chronic metabolic disease characterized by hyperglycemia due to defects in pancreatic insulin production and/or in insulin action on peripheral tissues [1] . The incidence of DM has dramatically increased worldwide, and the explosion of DM is mainly due to type 2 DM [2] . The pathological basis of type 2 DM is pancreatic b-cell dysfunction and insulin resistance. Accumulating evidence suggests that hyperglycemia-induced production of reactive oxygen species (ROS) and the subsequent oxidative stress contributes to the development and progression of diabetes and related complications [3] [4] [5] [6] [7] .
ROS are oxygen-free radicals, including superoxide (O 2 2 ), hydroxyl radicals (HO † ), and hydrogen peroxide (H 2 O 2 ). They are products of mitochondrial metabolism and function as signaling molecules in cell proliferation, migration, and apoptosis [8] . During normal metabolic processes, ROS are removed rapidly with the help of various endogenous detoxifying enzymes, such as superoxide dismutase (SOD) and glutathione peroxidase (GSH-PX). Normal cellular ROS concentrations are necessary for proper functioning of cells, but excessive, non-physiological concentrations of ROS result in oxidative stress [8] . Elevated glucose levels promote the production of ROS, thus leading to oxidative stress in b-cells [8] [9] [10] [11] . Both hyperglycemia and oxidative stress have been reported to activate the transcription factor NF-kB [12, 13] , which can enhance the transcription of inducible nitric oxide synthase (iNOS), resulting in an increase in the production of NO. NO as reactive nitrogen species induces b-cell apoptosis and can also react with superoxide resulting in the formation of peroxynitrite (ONOO the formation of peroxynitrite [14, 15] . Beside the increase in reactive species in DM, depletion of intracellular antioxidants has been shown to make b-cells more susceptible to oxidative damage [16, 17] .
Pancreatic duodenal homeobox 1 (PDX-1), a transcription factor that is highly expressed in pancreatic b-cells, plays a central role in b-cell function and survival. PDX-1 activation results in the expression of target genes such as insulin, glucagon-like peptide 1, and glucokinase, which are critical for the functions of b-cells [18] . It has been reported that transient elevation in glucose levels activates PDX-1, and subsequently increases the expression of insulin and enhances the function of b-cells. However, hyperglycemia and hyperlipidemia cause b-cell dysfunction via reduced PDX-1 expression [18] . Binding of the forkhead transcription factor FoxO1 to the PDX-1 promoter negatively regulates transcription of this gene [19] . Oxidative stress regulates FoxO1 activity through various post-translational modifications including phosphorylation, acetylation, and ubiquitination, which, in turn, regulate the subcellular localization and transcriptional activity of FoxO1. FoxO1 is retained in the cytoplasm upon phosphorylation by protein kinase B (PKB/Akt), while a decrease in FoxO1 phosphorylation allows FoxO1 to enter the nucleus. It has been reported that oxidative stress decreases FoxO1 phosphorylation in b-cells, thus allowing its translocation from the cytoplasm to the nucleus [20, 21] . FoxO1 acetylation by histone acetyltransferase such as cAMP-response-element-binding (CREB)-binding protein (CBP)/P300 positively regulates FoxO1 transcriptional activity during oxidative stress, thereby protecting it from ubiquitin-mediated degradation [22] . Besides reducing PDX-1 transcription, nuclear localization of FoxO1 induces export of PDX-1 to the cytosol, leading to b-cell dysfunction [19] .
Pyrrolidine dithiocarbamate (PDTC) is a low-molecularweight thiol compound with many biological functions including heavy metal chelation and antioxidant activities [23] . PDTC has been widely used as an inhibitor of NF-kB activation to reduce the generation of proinflammatory cytokines [24] [25] [26] . In addition, it has been reported that PDTC lowers blood glucose levels [27] , prevents lung injury [24] , and reduces abnormal prostanoid signaling [28] in diabetic rats. Our previous study has found that PDTC enhances hepatic glycogen synthesis and reduces FoxO1 transcriptional activity in the liver of diabetic rats [29] . The purpose of this study was to investigate whether PDTC protects b-cells against oxidative damage and improves insulin production through regulation of FoxO1 and PDX-1.
Materials and Methods
Animals and experimental design Male Wistar rats (180-210 g) were obtained from Hebei Medical University Animal Center (Hebei, China). They were kept at a constant temperature (22 + 18C) with 12 h light and dark cycles and were allowed free access to water. Type 2 diabetes was established as described previously [29] . Briefly, rats were divided randomly into two groups: a normal control (NC) group (n ¼ 11) and a high-fat diet (HFD) group (n ¼ 22). Rats in the NC group received a regular diet containing 10.3% fat, and rats in the HFD group received an HFD containing 42% fat for 8 weeks, after which rats in the HFD group were subjected to an oral glucose tolerance test (OGTT) and insulin tolerance test (ITT) to confirm insulin resistance. These determinations were carried out as previously described [29] . Subsequently, HFD rats received an intraperitoneal (i.p.) injection of a single dose of streptozotocin (STZ; Sigma-Aldrich, St Louis, USA) at 27 mg/kg body weight (dissolved in citric acid buffer) to induce type 2 diabetes (T2D). Rats in the NC group were injected with the same volume of citric acid buffer at the same time. Blood glucose levels were measured 72 h after STZ injection in HFD rats. Rats with non-fasting blood glucose levels !16.7 mM were considered diabetic, and were included in the study. Twenty-two diabetic rats were randomly divided into two groups: the diabetes group (DM, n ¼ 11) and the PDTC-treated group (PDTC, n ¼ 11). Rats in the PDTC group received PDTC at a dose of 50 mg/kg body weight (dissolved in saline) i.p. once daily for a week, whereas rats in the NC and DM groups were treated with the same volume of saline. After an overnight fast, tail blood samples of NC, DM, and DM þ PDTC groups were collected for the measure of fasting blood glucose (FBG). At the end of experiment, all rats were euthanized and the pancreatic tissues were collected for analysis. Animal experimental protocols were approved by the Committee for Animal Experiment at Hebei Medical University.
Detection of SOD, GSH-PX activities, and malondialdehyde content Pancreatic tissues (200 mg) were homogenized in cold saline and centrifuged at 1300 g for 10-15 min. The supernatants were used for the measurement of SOD, GSH-PX activities, and malondialdehyde (MDA) content by using commercial kits (Jiancheng Biotech, Nanjing, China) according to the manufacturer's instructions.
Apoptosis assay by flow cytometry
Pancreatic tissues were fixed with 70% alcohol for 24 h and single cell suspension was prepared by pressing the tissues through a 100 mm mesh. Cells were then incubated with anti-insulin-FITC (Boster BioTech Co., Wuhan, China) and propidium iodide (PI; Sigma, St Louis, USA) for 30 min at 48C. The apoptosis rate of islet b-cells was determined using Epics-XL II flow cytometry (Beckman Coulter, Miami, USA). Cells that stained positively for insulin-FITC and with lower DNA (stained with PI) content were identified as apoptotic islet b-cells.
Immunohistochemical staining
Pancreatic tissues were fixed in 10% neutral-buffered formalin and embedded in paraffin. After a xylene wash to remove paraffin and a rehydration step with serial dilutions of alcohol, sections (5 mm thick) were incubated in 0.3% H 2 O 2 for 15 min to block endogenous peroxidases and heated at 988C for 15 min to retrieve antigen. Sections were then incubated overnight at 48C with primary antibodies against iNOS (rabbit polyclonal, 1 : 100; Santa Cruz Biotechnologies, Santa Cruz, USA), NT (mouse monoclonal, 1 : 60; Santa Cruz Biotechnologies), insulin (mouse monoclonal, 1 : 50; Boster BioTech Co.), PDX-1 (rabbit polyclonal, 1 : 50; Cell Signaling Technology, Danvers, USA), and FoxO1 (rabbit polyclonal, 1 : 100; Cell Signaling Technology). After a series of washes, peroxidase-conjugated secondary antibodies (1 : 100; Santa Cruz Biotechnologies) were applied. The sections were stained with diaminobenzidine solution (Zhongshanjinqiao Biotech Co., Beijing, China), washed, dehydrated, permeabilized, mounted, and viewed by bright-field microscopy.
Immunofluorescence staining Pancreatic tissues fixed in 4% paraformaldehyde were cryoprotected in 30% sucrose for 48 h, embedded in TissueTek freezing media (Leica, Heidelberg, Germany), frozen on dry ice, and cut into 5 mm thick sections. Sections were incubated with primary antibodies against insulin (1 : 50) and PDX-1 (1 : 50) overnight at 48C. Then, Cy3-or FITC-conjugated secondary antibodies (1 : 500; Santa Cruz Biotechnologies) were applied. Nuclei were counterstained with 4 0 ,6-diamino-2-phenylindole (DAPI; Sigma-Aldrich). Images were acquired by an inverted confocal laser fluorescence microscope (LSM-510; Carl Zeiss, Jena, Germany) and analyzed using Zeiss LSM Image Examiner.
Nuclear extract preparation and pancreatic tissue homogenization Nuclear extracts from pancreatic tissues were prepared using the NE-PER TM extraction reagents (Thermo Fisher Scientific Pierce, Rockford, USA) according to the manufacturer's protocol. Protein concentrations were determined using the bicinchoninic acid (BCA) method (Thermo Fisher Scientific Pierce), and extracts were stored at 2808C until further analysis.
Frozen pancreatic tissues (100 mg) were placed on the ice and pulverized with liquid nitrogen in a pre-cooled mortar. Tissues were lysed in 500 ml RIPA buffer (25 mM HEPES, pH 7.4, 134 mM NaCl, 1% NP-40, 0.1% sodium dodecyl sulfate (SDS), 1 mM vanadate, 0.5% sodium deoxycholate, and 100 mM NaF) supplemented with phosphatase and protease inhibitor cocktails (Thermo Fisher Scientific Pierce) and then centrifuged at 10,000 g for 20 min at 48C. The soluble extracts were collected and stored at 2808C until analysis by western blotting. The determination of protein concentrations was carried out using the BCA method.
Western blot analysis Soluble lysates (40 mg) and nuclear extracts (20 mg) were separated on 8% SDS -PAGE and transferred to polyvinylidene fluoride membranes (Millipore, Billerica, USA). The membranes were blocked with 5% non-fat milk in TBS-T (10 mM Tris, pH 7.6, 150 mM NaCl, and 0.05% Tween 20) for 2 h at room temperature, and probed with the anti-iNOS antibody (1 : 500), anti-ac-FoxO1 antibody (1 : 1000), and anti-PDX-1 antibody (1 : 1000) overnight at 48C. Peroxidaseconjugated donkey anti-rabbit IgG or goat anti-mouse IgG (1 : 2000; Santa Cruz Biotechnologies) were applied for 1.5 h at room temperature. Bands were visualized using enhanced chemiluminescence kit (Beyotime Biotech, Haimen, China), and quantified using Image J software (National Institutes of Health, Bethesda, USA).
Statistical analysis
All data were presented as mean + SEM. Statistical analysis was performed using SPPSS version 13.0 (SPSS, Chicago, USA). One-way analysis of variance was used for multiple comparisons with Bonferroni post hoc test. P-values ,0.05 were considered statistically significant.
Results

HFD feeding induced insulin resistance
Our recent work [29] established that significant alterations in the rates of blood glucose clearance occurred during OGTT in HFD rats even though FBG levels were not altered. It was found that after glucose ingestion, the levels of blood glucose increased quickly and peaked at 30 min before gradual decrease to preprandial concentrations in the NC group. In contrast, the blood glucose levels remained elevated 2 h after glucose ingestion in the HFD group. Moreover, HFD feeding was found to induce insulin resistance as assessed by ITT [29] .
Anti-oxidative effect of PDTC in diabetic rats
We next examined whether PDTC protects pancreatic b-cells from oxidative damage. In the first series of experiments, SOD and GSH-PX activities were found to be significantly lower in pancreatic tissues of DM rats compared with NC controls, and PDTC treatment significantly increased both enzymatic activities in diabetic rats (Fig. 1A,B) . MDA is a well-known marker of oxidative damage whose content in pancreatic tissues was significantly higher in DM rats compared with control rats. A significant decrease in the MDA content was observed in the DM þ PDTC cohort (Fig. 1C) .
In a second series of experiments, immunohistochemical staining was carried out and showed that pancreatic islets from DM animals exhibited stronger iNOS expression and higher production of NT as compared with the NC group. As anticipated, there was clear reduction in DM-induced iNOS expression and NT production following PDTC treatment ( Fig. 2A) . When the expression of iNOS was assessed by western blotting, the results were found to be consistent with the immunohistochemical data (P , 0.001, Fig. 2B,C) .
PDTC lowered FBG levels and inhibited pancreatic b-cell apoptosis in diabetic rats As previously described [29] , after a 1-week PDTC treatment, FBG levels showed a significant reduction as compared with the DM group. Pancreatic b-cell apoptosis was assessed using flow cytometry (Fig. 3) . The results in Fig. 3A illustrated that the percentage of apoptotic b-cells was significantly higher in DM rats compared with NC rats (P , 0.001). PDTC treatment significantly lowered the extent of pancreatic b-cell apoptosis in DM rats (P , 0.001).
PDTC improved insulin production through regulation of PDX-1 and FoxO1
Immunohistochemical staining showed that pancreatic b-cells stained strongly for insulin in NC rats, but weakly in DM animals. Of significance, the number of insulin-positive b-cells increased dramatically in the DM þ PDTC group vs. DM group (Fig. 2A) .
Active PDX-1 induces efficient production of insulin. Here, the effect of PDTC on the expression of PDX-1 in diabetic rats was examined using immunofluorescence and immunohistochemical techniques. Strong nuclear expression of PDX-1 was shown in islet b-cells of NC pancreatic tissues (Fig. 4A,B) . Pancreatic PDX-1 staining was weak in the DM group but was restored to control levels with PDTC treatment (DM þ PDTC). We next determined the subcellular localization of PDX-1 among the three experimental groups as it relates to PDX-1 function as a transcriptional regulator. When compared with the NC cohort, there was a significant redistribution of PDX-1 from the nucleus to the cytoplasm in DM pancreatic tissues (Fig. 4C,D) . In contrast, PDTC prevented the nuclear export of PDX-1 caused by STZ-induced T2D in HFD rats.
FoxO1 inhibits PDX-1 expression and both transcription factors exhibit mutually exclusive patterns of nuclear localization in pancreatic b-cells. The pancreatic tissues of DM animals exhibited a strong expression of nuclear FoxO1 (Fig. 5A) , and a weak expression of nuclear PDX-1 (Fig. 4A,B) in pancreatic b-cells as compared with the NC and DM þ PDTC groups. The levels of acetylated FoxO1 in DM pancreatic tissues were markedly increased compared with NC pancreatic tissues. PDTC significantly reduced the marked increase in acetylated FoxO1 levels in DM pancreatic tissues (Fig. 5B,C) .
Discussion
In this study, we investigated the effects of PDTC on oxidative injury to b-cells and insulin production in T2D rats. The diabetic rat model was established by 8-week HFD followed by an i.p. injection of a single dose of STZ. This rat model exhibits hyperglycemia and insulin resistance, and has been found to resemble the metabolic dysfunction of type 2 DM in Figure 1 . PDTC improves DM-induced impairments in SOD, GSH-PX activities, and MDA content in Wistar rats Pancreatic tissues (200 mg) were homogenized in cold saline and centrifuged, SOD, GSH-PX activities (A,B), and MDA content (C) in the supernatants were measured using commercial kits. ***P , 0.001 vs. NC group.
# P , 0.05, ## P , 0.01, ### P , 0.001 vs. DM group.
human [30] . We found that 1-week PDTC treatment significantly lowered blood glucose levels and improved insulin sensitivity in diabetic rats, in agreement with earlier reports [27, 29] . However, the mechanisms underlying the decrease in blood glucose levels in PDTC-treated diabetic rats remained uncertain. Here, PDTC was found to inhibit b-cell apoptosis and prevent oxidative injury to islet b-cells in DM rats. In addition, PDTC promoted the nuclear expression of PDX-1 with concomitant decrease in acetylated FoxO1 levels, both of which leading to increased production of insulin. Our results suggest that PDTC can protect pancreatic b-cells from oxidative injury and improve insulin production through regulation of PDX-1 and FoxO1 in T2D rats.
Oxidative stress plays an important role in the pathogenesis of DM [7] [8] [9] [10] . DM-associated elevations in glucose and free fatty acid levels result in the formation of a large amount of ROS, which is detrimental to pancreatic b-cells. ROS bind directly to proteins, lipids, and DNA, and activates several stress-sensitive pathways that can cause cell damage [8, 10] . In our experimental model of DM, there was an increase in MDA content and a decrease in antioxidant enzyme activities together with significant elevation in b-cell apoptosis. Treatment with PDTC for 7 days reversed these adverse effects of DM, which led to improved b-cell survival. In addition, ROS can act as second messenger by activating many signaling pathways, including NF-kB [10] , whose activation leads to the production of NO through enhanced transcription of iNOS [31] . By acting as a reactive nitrogen species, NO further damages b-cells via formation of NT-protein conjugates. Therefore, NF-kB activation in response to oxidative stress contributes to b-cell dysfunction and insulin resistance [9, 10] . Here, the increase in iNOS and NT levels in DM rat b-cells were significantly reduced by PDTC, a potent NF-kB inhibitor [24] [25] [26] . Our results illustrate the fact that NF-kB activation contributes to b-cell apoptosis in response to hyperglycemia [32] . The transcription factor PDX-1 induces pancreatic b-cell differentiation and insulin gene expression [18, 19] . While transient high glucose concentration stimulates the expression of PDX-1 and increases insulin secretion, chronic hyperglycemia and hyperlipidemia attenuates PDX-1 expression and the secretion of insulin [18, 20] . It is likely that the mechanisms underlying the inhibition of PDX-1 expression in response to hyperglycemia and hyperlipidemia stem from increased oxidative stress. During oxidative stress the nuclear export signal within PDX-1 was activated, thereby promoting the translocation of PDX-1 from the nucleus to the cytoplasm, with concomitant decline in target gene transcription [33] . Our results illustrate elevated cytoplasmic PDX-1 levels and low nuclear PDX-1 accumulation in DM rat b-cells, and PDTC treatment blocked the DM-mediated nucleocytoplasmic shuttling of PDX-1. These results indicate that the ability of PDTC to promote insulin production comes from the preservation of a nuclear pool of PDX-1.
Oxidative stress induces translocation of FoxO1 from the cytoplasm to the nucleus, with concomitant nuclear export of PDX-1 [34] . Activation of the JNK signaling pathway in response to oxidative stress leads to inhibition of Akt and subsequent dephosphorylation of FoxO1, which results in nuclear accumulation of FoxO1 [8, 21] . Interestingly, the pancreatic tissues from DM rats exhibited significantly higher nuclear FoxO1 levels than that from NC animals, and PDTC treatment conferred resistance to DM-dependent FoxO1 nuclear entry. FoxO1 activity is regulated by multiple post-translational modifications, including phosphorylation, acetylation, and ubiquitination, the latter being dependent on Immunohistochemical staining for PDX-1 in pancreatic tissues. Magnification, Â400. (C) Western blot analysis for the nuclear and cytoplasmic expression of PDX1 in pancreatic tissues. p89TFIIH and b-actin were used as loading controls for nuclear and cytoplasmic fractions, respectively. (D) Quantification of the nuclear and cytoplasmic PDX-1 levels (n ¼ 6 for each group). For the nuclear expression of PDX-1, ***P , 0.001 vs. NC group; ## P , 0.01 vs. DM group. For the cytoplasmic expression of PDX-1, ***P , 0.001 vs. NC group; ### P , 0.001 vs. DM group.
FoxO1 deacetylation [20, 35, 36] . The fact that PDTC lowered FoxO1 acetylation may explain the reduction in FoxO1 protein levels through an increase in proteasomal degradation in b-cells of DM þ PDTC rats. In summary, we found that PDTC lowered blood glucose levels in HFD-fed, STZ-treated rats. PDTC protected pancreatic b-cells from oxidative injury and improved insulin production through regulation of FoxO1 and PDX-1. PDTC and related compounds may be of therapeutic value in the treatment of metabolic diseases, such as type 2 DM.
